Abstract Upflow anaerobic sludge blanket (UASB) reactor is one of the most applied technologies for various highstrength wastewater treatments. The present study analysed the microbial community changes in UASB granules during the transition from mesophilic to thermophilic conditions. Dynamicity of microbial community in granules was analysed using high-throughput sequencing of 16S ribosomal RNA gene amplicons, and the results showed that the temperature strictly determines the diversity of the microbial consortium. It was demonstrated that most of the microbes which were present in the initial mesophilic community were not found in the granules after the transition to thermophilic conditions. More specifically, only members from family Anaerolinaceae managed to tolerate the temperature change and contributed in maintaining the physical integrity of granular structure. On the contrary, new hydrolytic and fermentative bacteria were quickly replacing the old members in the community. A direct result from this abrupt change in the microbial diversity was the accumulation of volatile fatty acids and the concomitant pH drop in the reactor inhibiting the overall anaerobic digestion process. Nevertheless, by maintaining deliberately the pH levels at values higher than 6.5, a methanogen belonging to Methanoculleus genus emerged in the community enhancing the methane production.
Introduction
Upflow anaerobic sludge blanket (UASB) reactors are widely used to treat wastewater and produce sustainable energy under different operational conditions. This reactor technology has a lot of advantages such as compactness, low operational cost, low sludge production, and high methane production rate (Zhang et al. 2015) . The efficiency of the UASB technology was evaluated by using various feedstocks such as cheese whey (Carrillo-Reyes et al. 2014) , palm oil mill effluent (Khemkhao et al. 2012 ) and starch wastewater (Lu et al. 2015) . Potato juice is the thin liquid by-product formed during the production of potato starch after acid-thermal coagulation of proteins (Fang et al. 2011; Bzducha-Wróbel et al. 2015) . Since this waste contains a high amount of biodegradable components, it is a suitable feedstock for biogas production. Indeed, a previous study reported that the biochemical methane potential of potato juice was 470 mL-CH 4 /gVS-added (Fang et al. 2011 ). However, under mesophilic conditions, the achieved methane yield in a UASB reactor was markedly lower (i.e. 240 mL-CH 4 / gVS-added) and the reactor collapsed at OLR higher than 5.1 g COD/(L-reactor.d) (Fang et al. 2011) .
It is well known that temperature is an essential parameter for biological reactions such as the ones occurring during the anaerobic digestion process. Previous studies showed that both substrate degradation and methanogenic activity can be Electronic supplementary material The online version of this article (doi:10.1007/s00253-016-8028-0) contains supplementary material, which is available to authorized users.
performed with a higher reaction rate at thermophilic conditions (Bouallagui et al. 2004; Boušková et al. 2005) . Thermophilically operated UASB reactors were performing well, with similar COD removal and higher methane production rate compared to mesophilic reactors (Castrillon et al. 2002; Parawira et al. 2007 ). However, UASB reactors are often operating under mesophilic or ambient temperature even though thermophilic operation typically has a rate advantage over mesophilic digestion (Mao et al. 2015) . Therefore, the availability of active thermophilic granule seeds is extremely limited which makes start-up of UASB reactors at thermophilic temperature difficult. Moreover, the granulation process is very time consuming and typically takes several months depending on many parameters (Vlyssides et al. 2008) . One of the strategies to accelerate the start-up of a thermophilic UASB reactor is to use mesophilic granules as inoculum allowing the microbial community to adapt slowly and spontaneously to the new temperature conditions. Several studies reported a successful adaptation process by applying stepwise temperature increase and using various types of mesophilic granules; however, it was stated that this procedure cannot always guarantee a stable reactor operation (Fang and Lau 1996; Syutsubo et al. 1997; Khemkhao et al. 2012) . A convincing explanation for the operation's failure is still unclear as the microbial dynamics during the temperature transition are far to be elucidated. Khemkhao et al. (2012) employed DGGE analysis to understand the microbial adaptation during a transition from mesophilic to thermophilic conditions in a UASB reactor treating palm oil mill effluent. The result showed a significant microbial community transformation from 37 to 57°C. Nevertheless, the limitations of this molecular technique made it difficult to explore quantitatively and comprehensively the community changes.
Recently, the advancement of molecular tools such as the next-generation sequencing (NGS) technology allowed a more solid and in-depth characterization of the microbial dynamicity even in complex environmental systems. For example, studies based on 16S ribosomal RNA (rRNA) gene amplicons managed to identify a high number of microbial members possessing important roles during the anaerobic digestion process expanding the information deposited in public databases (Kougias et al. 2014; Luo et al. 2015) .
In this present study, NGS was applied in order to elucidate the microbial community shifts during the start-up of a thermophilic lab-scale UASB reactor inoculated with mesophilic granules. A metagenomic analysis based on 16S rRNA gene sequences was applied at different times along the adaptation process. The results provided insight regarding the changes of microbiota and correlated the shift of microbial consortium to biochemical performance of reactor. This information would be fundamental for the development of time and cost-effective strategies for start-up procedures of UASB reactors and process optimization.
Materials and methods

Characteristics for substrate and inoculate granules
Raw potato juice used as substrate was obtained from a potato starch processing factory (Karup Kartoffelmelfabrik, Denmark). After arrival to the laboratory, the raw potato juice was frozen at −20°C into separate plastic containers. Each container was thawed at 4°C before usage and the juice was diluted 7 times with distilled water. The chemical characteristics of the raw potato juice are shown in Table 1 . Mesophilic granules used in this study were obtained from a wastewater treatment plant in Netherlands (COLSEN) processing potato wastewater as substrate for over 5 years. The granules were stored at 4°C and moved at room temperature for 24 h before use.
UASB reactor operation
The experiment was performed in a lab-scale UASB reactor with working volume of 1.4 L operating at thermophilic conditions (55°C). During the start-up process, the reactor was inoculated with 600 mL of mesophilic granules and the rest of the reactor active volume was filled with a BA medium (Angelidaki and Sanders 2004) . The internal recirculation flow rate of the reactor was 160 mL/min corresponding to an upflow velocity of 2.2 m/h. The experiment was divided in three periods, namely (a) start-up period, (b) operation period 1 and (c) operation period 2. Granule samples from initial states (G1) as well as the end of each experiment period (G2, G3 and G4) were collected for microbial analyses. The startup period lasted 6 days, during which 40 mL/day of diluted potato juice were fed to the reactor to provide minimum amounts of carbon source and nutrition for microbial growth. In both operation periods, the reactor was fed with diluted potato juice at OLR of 3.97 ± 0.19 gVS/(L-reactor.d) and HRT of 7 days. During the second operation period, the influent feedstock of the reactor was supplemented with 4 g NaHCO 3 /L-reactor to maintain the pH levels of the reactor at values higher than 6.5. The biogas production was measured daily using an automated displacement gas metering system with 100 mL cycle (Angelidaki et al. 1992 ). The pH Biogas composition was measured using a gas chromatograph (Mikrolab, Aarhus A/S, Denmark), equipped with a thermal conductivity detector (TCD) as previously described . VFA and alcohol concentration were measured using a gas chromatograph (Shimadzu GC-2010 AF, Kyoto, Japan), equipped with a flame ionization detector (FID) as described by Kougias et al., (2015) . All determinations and measurements were done in triplicate samples.
DNA extraction and sequencing
Triplicate granule samples were taken from the initial mesophilic granules and at the end of each experiment period. Granule samples were washed with a BA medium and Genomic DNA was extracted from the sample with PowerSoil® DNA Isolation Kit (MoBio PowerSoil, Carlsbad, CA USA) with extra phenol cleaning steps. During this procedure, the supernatant of the first step of extraction (after vortex with beads) was added to 2 mL of phenol: chloroform: isoamylalcohol (25:24:1, v/v, ThermoFisher Scientific), shaken briefly and centrifuged. The resulting supernatant was then processed according to PowerSoil® DNA Isolation protocol. The V4 regions of 16S rRNA gene were amplified with PCR using 515f/806r primer (Klindworth, Pruesse et al. 2013) . The amplicons were further sequenced by Illumina MiSeq desktop sequencer (Ramaciotti Centre for Genomics, Kensington, Australia).
Data analysis
The raw sequences were processed using CLC Workbench software (V.8.0.2) with Microbial genomics module plug in. A trimming procedure was applied to low-quality reads according to default parameters provided by the software and paired sequences were merged. A chimera crossover filter was also applied. Phylogenetic assignment of OTU representative sequences was performed with multiple sequence comparison by log-expectation on fixed-length trimmed (240 bp) sequences using Greengenes v13_5 database as reference (clustered at 95%). OTU similarity percent was set at 95% and the creation of new OTUs was allowed when taxonomy similarity percentage was lower than 80% with minimum occurrence of five reads. OTUs were aligned using MUSCLE software implemented in CLC software. Maximum likelihood phylogeny (tree) was performed with Neighbour Joining as construction method and with Jukes Cantor as the nucleotide substitution model to estimate the evolutionary distance between sequences. Bootstrap analysis was performed with 100 replicates to test the certainty of the evolutionary relation and distance. Alpha diversity was measured based on the number of OTUs, Chao 1 bias-corrected and phylogenetic diversity ( Supplementary Fig. S1 ). Beta diversity (PCoA) was calculated using Bray-Curtis matrix. Predictive functional profiling of OTUs identified at the genus level was performed with a specific perl script as previously described . Statistical analyses to identify significance of changes in relative abundance present in granules at different periods were carried out using STAMP software (Parks and Beiko 2010) . In addition, to analyse the correlation between the concentration of digestion product with microbial composition, Pearson correlation tests were performed with R. Raw reads were deposited in Sequence Read Archive (SRA) database (http://www.ncbi.nlm.nih.gov/sra) under the ID: PRJNA327299. Detailed sample IDs are listed in Table 2 .
Results
Reactor performance
During the start-up period, no significant gas production and pH changes were observed in the reactor. The pH value was maintained between 7 and 7.5. VFAs were accumulated and by the end of this period reached a value of approximately 3.95 ± 0.19 g/L in the reactor; no alcohol-like products were detected. W hen t he reactor was fe d at OLR of 3.97 ± 0.19 gVS/(L-reactor.d), a significant increase of VFA concentration and decrease of pH in the reactor were observed (Fig. 1) . The VFA concentration was stabilized at 9.85 ± 0.09 g/L and the pH values dropped to 5.7 after 21 days of operation (i.e. equal to 3 HRTs). The methane production was below the detection limit. Thus, in the second operation period, the influent feedstock was supplemented with bicarbonate in order to maintain the pH levels within the corresponding ones allowing methanogenesis. It was found that a significant production of methane was observed and the methane yield reached 92 ± 5 mL-CH 4 /gVS at the end of the Granules during temperature adaptation (G2) SAMN05328135 Granules after temperature adaptation (G3) SAMN05328134
Granules operating with pH control (G4) SAMN05328133
period. Moreover, the generation of alcohol-like product was eliminated and VFA concentration further increased to 15.7 ± 0.04 g/L.
Overall microbial diversity granular sludge
In total, 1,277,236 paired sequences with an average length of 250 bp were generated from triplicate samples at 4 different time points (G1, G2, G3 and G4). For the experiment, the OTU similarity threshold was set to 95% corresponding to taxonomy at genus level (Yarza et al. 2014) . The top 90% of abundant OTUs were chosen for 16S rRNA amplicon sequencing analysis and will be further discussed. The triplicate samples were clustered closely in PCoA analysis (Fig. 2) . Principal components 1 and 2 explained 74 and 14% of the total community variations, respectively. Granule samples were well separated at different experimental points. One replicate from G3 had a considerable distance from the other two due to technical reasons ( Supplementary Fig. S2 ) and therefore was excluded from further discussion. G2 samples were more close to G1 samples compared to G3. The phylogenetic tree in Fig. 3 showed the OTUs present in different granule samples. In total, 47 OTUs will be discussed including 31 OTUs characterized at the genus level, 11 OTUs at family level, 4 OTUs at order level and 1 OTU at class level. The metabolic trophic role for each OTU was estimated according to previous literature on the same or higher taxonomic level of a specific microorganism.
Taxonomical characterization in mesophilic granules
The top 90% of microbial community from mesophilic granular (G1) consisted of bacteria (68.34%) and archaea (21.83%). A major group of the community (54.9%) is composed of fermentative bacteria that preferably use proteins and sugars as substrate. This group also includes some OTUs such as members belonging to genus Streptococcus that can produce hydrolase that drives the hydrolysis process (Martini et al. 2014) . Within this part of the community, genus T78, a member of the family Anaerolinaceae, has high abundance (25.16%), which is more than 4 times more than the second most abundant bacteria Syntrophobacter (6.2%). The archaeal community contained only two genera identified as Methanobacterium (14.64%) and Methanosaeta (7.19%), which are hydrogenotrophic and acetoclastic methanogens, respectively.
Microbial changes of mesophilic granules after operation at thermophilic temperature
The microbial community changed significantly after the temperature was increased to 55°C, especially after operating the reactor continuously with OLR of 3.97 ± 0.19 gVS/(L- Fig. 2 Beta diversity with Bray-Curtis dissimilarity G1-1, 2, 3 are triplicate mesophilic granule samples. G2-1, 2, 3 are triplicate granule samples after start-up period. G3-1, 2 are replicate granule samples after operation 1. G4-1, 2, 3 are triplicate granule samples after operation 2 Fig. 1 The methane yield, pH values and VFA concentration for operation periods reactor.d). As shown in Fig. 4 , in G2, 85.75% of the initial OTUs remained in the granules, but 17 out of 47 OTUs underwent significantly changes (p < 0.05) in their relative abundances (Fig. 5) . Among the different trophic groups described above, methanogens had the greatest decrease (p < 0.05) in relative abundance (i.e. from 21.83 to 15.18%). The relative abundance of members belonging to Methanosaeta decreased from 7.19 to 2.92%, accounting for one of the major changes in the overall community. The result also showed significantly a decrease of some bacteria such as Syntrophobacter from 6.20 to 2.12%. After the first operation period (in G3), 59.53% of the initial microbial community was maintained in the granules. A significant decrease of methanogens and syntrophic fatty acid oxidizer abundances has been observed (p < 0.05), while the newly emerged genera were all belonging to fermentative bacteria. The relative abundance of Methanobacterium was still 10.20%; however, relative abundance of Methanosaeta further decreased to 0.43%. The most significant change among bacteria was the increase of Ruminococcus. Ruminococcus species increased 7.3 fold (p < 0.05) and reached relative abundance of 13.55%. After the second experimental period, in G4, only 4 genera (22.82% of relative abundance) of the initial microbial community remained in the granules. In particular, genus T78, which is the most abundant genus in the mesophilic granules, remained a high relative abundance (19.54%) through the whole experiment. The fermentative bacteria further increased in relative abundance but decreased in diversity. Some microbes, such as members in genus Ruminococcus increased in relative abundance in G3 but decreased in G4. However, m e m b e r s f r o m g e n u s C o p ro t h e r m o b a c t e r a n d Tepidimicrobium were only enriched in G4 but not in G3. Members from Methanoculleus emerged by the end of this period, accounting for around 1% of the total community. 
Discussion
According to the taxonomical characterization of mesophilic granules used to initialize the reactor, the granule microbiota contained microbes covering all essential digestion steps for methane production. Among these microbes, genus T78 is a Candidatus genus because of its unique 16S rRNA gene sequences compared with other genera belonging to the same taxon. This genus was previously found in anaerobic digestion and biogas systems, possibly metabolizing alcohols and carbohydrates via syntrophic interactions (Praveckova et al. 2016) . Members from the genus T78 were taxonomically assigned to the family Anaerolinaceae and predominated in the community throughout all three experiment periods. The cultured Anaerolinaceae members showed fermentative growth on carbohydrates and/or peptides and were found in several studies both in the outer layer and inside of sludge granules (Yamada and Sekiguchi 2009) . They commonly have multicellular filamentous morphology; therefore, Anaerolinaceae are considered important bacteria for granulation of sludge and maintenance of granular structure (Yamada et al. 2005; Satoh et al. 2007) . Syntrophobacter species, the second most abundant OTU, have been reported multiple times to degrade propionate to acetate with syntrophic hydrogen-removal methanogens (Schink 1997; Liu et al. 1999) and use the end product of fermentative bacteria to produce acetate, H 2 and CO 2 (Sieber et al. 2012) . The predictive functional profile of this genus showed extremely high number of genes belonging to second carbon oxidation (2-oxoglutarate to oxaloacetate), which validates its role as a syntrophic oxidizer (Supplementary Table S1 ). These acetogenic bacteria were found in low abundance probably because only a small part of the fermented products were further oxidized to acetate and hydrogen inside the granules. It can be highlighted that the established community of the original mesophilic granules had a balanced composition between the fermentative bacteria and methanogens. Consequently, this microbial balance assisted the efficient degradation of the substrate to methane, as confirmed by the low concentration of intermediate metabolic compounds (VFAs) during the operation in wastewater plant. The archaeal community had a lower diversity which contained only two genera identified as hydrogenotrophic and acetoclastic methanogens accordingly. This observation was in accordance with the funnel-shape community previously identified in anaerobic digestion system . During the start-up period, the pH value was maintained between 7 and 7.5 because the reactor was initially filled with a BA medium, which included bicarbonate as pH buffer. VFAs were accumulated and by the end of this period indicating that the organic matter in potato juice was degraded through hydrolysis and acidogenesis. However, the lack of gas production implied that methanogenesis was not established. The microbial community composition changed slightly during this period, as the majority of genera present in G1 remained in G2. The consistency of the community could be explained by the fact that during the start-up period, only 40 mL of potato juice was used as feeding and no significantly washout occurred because of the long retention time and short time period. Moreover, the microbes were firmly immobilized in the granule and therefore were not easily washed out. The decrease in abundance of Methanosaeta is one of the major changes in the overall community, which was consistent with the findings of previous studies (Khemkhao et al. 2012 ). This result confirmed that the mesophilic Methanosaeta cannot actively perform methanogenesis at thermophilic conditions and markedly decrease in relative abundance. The significant decrease of Syntrophobacter was in accordance with the fact that VFA was accumulated during this period. This result indicated that Syntrophobacter members did not preferably grow at thermophilic condition. Moreover, it is well known that during fatty acid degradation, there is a significant role of syntrophic microbial interactions in order to accomplish quinonemediated interspecies electron transfer . These interactions could be served by syntrophic association between acetogenic bacteria and methanogenic archaea or sulphate-reducing bacteria . Therefore, the low activity of methanogens in the present study probably resulted in high hydrogen partial pressure, which limited the chances of syntrophic acetogens such as Syntrophobacter to oxidize volatile fatty acids, due to unfavourable thermodynamics. When an OLR of 3.97 ± 0.19 gVS/(L-reactor.d) was applied, the result showed a significant increase of VFA concentration and decrease of pH, which indicated that these mesophilic granules could not perform in terms of methane production under thermophilic conditions (55°C) without applying a long-term acclimatization period or other deliberate actions such as pH control or bioaugmentation. Furthermore, because a feasible biomethanation process could occur at pH range between 6.0 and 8.5 (Bassani et al. 2015) , the low pH environment further inhibited the methanogenesis and promoted the fermentation of alcohollike product. It was observed that the hydrolytic and fermentative microbes can quickly be integrated in the granules, while the thermophilic methanogens and syntrophic fatty acid oxidizer grew slowly. Ruminococcus species which became the second most abundant OTU, was reported as hydrolytic and fermentative bacteria (Azman et al. 2015) and commonly found in biohydrogen production system where Fig. 5 OTUs that changed significantly (p < 0.05) compared to G1. a OTUs in G2 that changed significantly. b OTUs in G3 that changed significantly. c OTUs in G3 that changed significantly pH was around 5 (Ntaikou et al. 2008) . The radical increase of Ruminococcus species suggested that members from this genus especially favoured this environment possibly due to the high tolerance to low-pH environment. The results of the Pearson tests (Supplementary Table S2 ) revealed a significant positive correlation between the relative abundance of Ruminococcus and the alcohol concentration (p = 0.03). The representative sequence of this OTU was compared with NCBI database using BLASTN and the closest match was Ruminococcus bromii (91% identity), which contained multiple genes for production of short-chain alcohol according to its draft genome deposited in NCBI data base (sample ID: SAMEA3138353). Moreover, the predictive functional profile of this genus showed that Ruminococcus has a higher gene content related to glycolysis as well as citrate cycle pathways (Supplementary Table S1 ). As a consequence, these features could be attributed to its capability to anaerobically degrade organic compounds and produce alcohol. The lack of methane production indicated that the methanogens were not actively producing methane at thermophilic conditions, although the relative abundance of Methanobacterium was still high and equal to 10.20%. This phenomenon could be explained by the fact that the representative sequence of this OTU was found 99% similar to Methanobacterium beijingense that grows at 25-50°C with optimal at 37°C (Ma et al. 2005) , and therefore, the applied operational temperature might inhibited its activity. The relative abundance of Methanosaeta further decreased to 0.43% which could be explained by a more efficient washout effect with the shorter HRT applied during this period. However, the present study showed that the structure of the granules could be maintained when even Methanosaeta decreased dramatically. The maintenance of the granules without Methanosaeta species was conflicting with few studies reporting Methanosaeta as the key organism in anaerobic sludge granulation (Pol et al. 2004) .
Previous study reported that potato processing starch wastewater was of low alkalinity and pH was a sensitive alert of process failure (Yu et al. 2016) . Therefore, to obviate the pH impact on the evolvement of methanogenic microbial community in the granules, additional sodium bicarbonate was supplemented in the substrate to maintain the pH value higher than 6.5. The increase of pH eliminated the production of alcohols and promoted the production of VFAs and methane. The microbial community composition shifted to a new state where the fermentative bacteria were replaced with microbes that are more adaptable to a relatively high pH environment. Members that were found significantly increased in relative abundance during this period (i.e. members from genus S1) were previously reported to present at anaerobic digestion system with other configuration (Frank et al. 2016) , suggesting that those members preferably grow at pH higher than 6.5, which is the typical pH for anaerobic digestion. M e m b e r s f r o m g e n u s C o p ro t h e r m o b a c t e r a n d Tepidimicrobium were both reported as thermophilic fermentative bacteria preferring pH 7-8 (Rainey and Stackebrandt 1993; Slobodkin et al. 2006) . Furthermore, the hydrogenotrophic methanogen genus, Methanoculleus, that was not identified in the previous periods emerged in the community, being most probably the responsible methanogen for the production of methane during this period. The methane yield in this experiment was low compared with previous yields achieved in mesophilic condition (Fang et al. 2011) , because the process was inhibited due to unbalanced microbial composition. In the adapted granules, the relative abundance of syntrophic fatty acid oxidizers and methanogens were found significantly lower (p < 0.05) compared to their abundance population in the initial community. This result is consistent with the low methane yields and the accumulation of VFAs in the reactor. However, the presence of methanogenesis proved that among members in mesophilic granules, there are microbes that can survive at thermophilic conditions. These results indicated that mesophilic granules could be used as a potential seed for start-up of thermophilic UASB reactor feeding with potato juice. However, it should be stressed out that the methane yield was extremely low and the process severely inhibited.
To summarize, this study demonstrated that the startup of a thermophilic UASB reactor with mesophilic granules requires granular microbiota shifts from mesophiles to thermophiles. It was shown that members of Anaerolinaceae family contributed in the maintenance of granular structure. Moreover, it was demonstrated that shortly after the temperature shift, the microbial c o m m u n i t y c h a n g e d i n t o a n e w c o n s o r t i u m . Thermophilic hydrolytic and fermentative bacteria were the first to evolve in the granular microbiota, leading to VFA accumulation and concomitant pH drop, which in turn resulted in no detectable methane production. The inhibition of methanogenesis was reversible as soon as the pH was deliberately maintained at values higher than 6.5.
